Knowledge of the genetic structure of plant populations is necessary for the understanding of the dynamics of major ecological processes. It also has applications in conservation biology and risk assessment for genetically modified crops. This paper reports the genetic structure of a linear population of sea beet, Beta vulgaris ssp. maritima (the wild relative of sugar beet), on Furzey Island, Poole Harbour. The relative spatial positions of the plants were accurately mapped and the plants were scored for variation at isozyme and RFLP loci. Structure was analysed by repeated subdivision of the population to find the average size of a randomly mating group. Estimates of FST between randomly mating units were then made, and gave patterns consistent with the structure of the population being determined largely by founder effects. The implications of these results for the monitoring of transgene spread in wild sea beet populations are discussed.
Introduction
Knowledge of the genetic structure of populations is vital for a thorough understanding of the dynamics of major ecological processes such as colonization, invasion, succession and extinction (e.g. Avise, 1994) . It also has important consequences for conservation strategies (Ellstrand & Elam, 1993) and the efficient sampling of crop genetic resources (e.g. Schoen & Brown, 1993) . Recently, interest in the genetic structure of natural plant populations has increased because of the requirement to predict and monitor the rates of gene flow from genetically modified crops (Gliddon, 1994) .
In the UK, one species pair where gene flow could occur between the transgenic crop and a natural population is sugar beet (Beta vulgaris L. ssp. vulgaris) and wild sea beet (Beta vulgaris L. ssp. maritima (L.) Arcang. (= Beta maritima L.; Raybould & Gray, 1993) . Although evidence for 1996 The Genetical Society of Great Britain.
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gene flow between cultivated and wild beet in the UK is largely anecdotal (e.g. Hornsey & Arnold, 1979; Evans & Weir, 1981) , gene flow has been shown to occur in the sugar beet seed-producing areas of southern France (Santoni & Bervillé, 1992; Boudry et al., 1993) . This paper examines the genetic structure of a wild beet population to assess how genes might spread following transfer from a genetically modified beet.
The spatial position of wild beet plants on two transects on Furzey Island, Poole Harbour (UK), were accurately mapped. Plants were then analysed for variation at RFLP and isozyme loci. The two classes of marker were used to maximize the number of variable loci and to allow comparison of the amounts of variation detected by each class. The analytical methods are based on a logical extension of Weir & Cockerham's (1984) formulation of Wright's F-statistics as described by . They emphasize the often overlooked concept that FST should be determined between randomly mating groups. Therefore we adopt the approach of repeatedly subdividing the population until no substructure can be detected within groups (i.e. the mean F1 is zero). We then calculate FST values between such groups. The FST values between all pairs of randomly mating groups are presented in a matrix so that the structure of the population can be visualized easily.
Materials and methods

Collection of tissue
Tissue (4-5 leaves) from 220 Beta vulgaris ssp. mandma plants was collected from Furzey Island, Poole Harbour, UK, during the summer of 1993. The plants occurred on the drift-line on the south-east! east (plants 1-170) and north coasts (plants 171-220) of the island (Fig. 1) . The relative positions of all the plants were determined and used to subdivide the population when calculating the degree of substructure. All plants were hermaphrodite (cf. some gynodioecious populations in France).
Isozyme electrophoresis Leaf material was used directly after collection, or stored for up to 3 days at 4°C. Protein extracts were prepared from 1 g tissue with 3 mL of extraction buffer and were run on polyacrylamide gels. Sample preparation, gel buffers and running conditions were as described by Raybould et al. (1991) , except that in the extraction buffer 2 per cent caffeine replaced polyvinylpolypyrrolidone (PVPP) and the concentration of mercaptoethanol was 1 per cent. Gels were stained following Shaw & Prasad (1970) as modified by Raybould et al. (1991 Probes for RFLP analysis were cDNA clones prepared from either leaves (L prefix) or roots (R prefix) of a Polish sugar beet line (Ramsden, 1991) . These probes were known to have low copy number and were polymorphic in a segregating F2 family of sugar beet. No linkage was detected between any of the probes for which full data sets were available (Ramsden, 1991) .
Probe DNA was labelled using 32P dCTP and the Ready-to-Go kit supplied by Pharmacia Biosystems.
Unincorporated nucleotides were removed with NICK spin columns (Pharmacia). Probes were hybridized to the filters in a Hybaid mini-hybridization oven using the protocol of Magrath et al. (1994) .
Statistical methods
The genetic structure of the Furzey population was analysed using loci at which the commonest allele had a frequency of below 0.95. The analysis was essentially the derivation of all pairwise genetic distances between the separate randomly mating units comprising the transects.
To find the size of a random breeding unit, transect 1 was repeatedly subdivided (by inspection of the plants' spatial distribution) into well-defined groups of roughly equal size and number of plants. The number of groups at each successive stage of subdivision was 2, 4, 6, 10 and 15. The mean group F1 for each stage was calculated for each locus using FSTAT (Goudet, in press ), a program which calculates Weir & Cockerham's (1984) unbiased estimators of F-statistics. Confidence intervals were estimated by jackknifing over samples (when the transect was divided into six or more groups). Only transect 1 data were used as there were insufficient plants in transect 2 to carry out a suitable subdivision procedure. Only loci which showed a strictly monotonic decrease in F1 with increased population subdivision were assumed to be selectively neutral and retained for calculations of over all loci F15 and FST values (Goudet et iii., 1994) .
The mean over all loci values of F1 at each subdivision stage were obtained, with confidence intervals estimated from jackknifing over loci. The average size of a randomly mating unit was identified as the largest group size in which F1 was not significantly different from zero. This group size (henceforth a patch') was then used in calculations of genetic distances by deriving FST between each pair of patches. In this analysis transect 2 was considered to be comprised of patches of roughly equal size to those identified in transect 1.
Results
Characterization of isozyme foci
Beet plants were examined for 13 isozyme systems which detected approximately 30 loci (Gray et al., 1994) . Genetically interpretable variation was found at seven loci, acid phosphatase (AcPH2), glutamicoxaloacetic transaminase (GOT3 and GOT4), malic enzyme (ME2), 6-phosphogluconate dehydrogenase (6PGDH2), phosphoglucose isomerase (PGI2) and shikimic acid dehydrogenase (SkDI-I 
Characterization of RFLP foci
The plants were screened with 19 single or low copy number sugar beet cDNA probes (Ramsden, 1991 (Fig. 3) . When the transect is divided into 15 groups, F15 becomes not significantly different from zero, that is patches of about 11-12 neighbouring plants are behaving effectively as randomly mating units. However, as a population is repeatedly subdivided, the confidence limits of F15 tend to become wider as the mean is estimated from samples which are smaller and inherently more variable (although there are more of them). Also as the group size reduces, more samples become invariant at a particular locus. Under these conditions, F15 is undefined at that locus and the sample must be excluded from the analysis. For these reasons there is a greater tendency to wrongly accept the null hypothesis that F18 = 0 (i.e. a Type II error) as the group size diminishes. The patch size of 11-12
should, therefore, be regarded as the maximum size of a randomly mating unit.
The genetic structure of the Furzey beet population was then examined by calculating all pairwise FST values between these patches. Transect 2 was included in the analysis by dividing it into five patches of a size roughly equal to those of transect 1. These results are displayed in Fig. 4 . It is clear that there is no simple relationship connecting FST values and the distance between patches. With strict isolation by distance arising from limited pollen and seed flow one would expect FST to increase as the distance between patches increases. In Fig. 4 this would be represented by a smooth transition from light to dark squares on moving away from the bottom left to top right diagonal. In transect 1 there is a high degree of relatedness (low FST) between patches 3 to 8 and also between these patches and patches 14 and 15. There are also regions where neighbouring patches have low relatedness (high FST), for example patches 7 and 8 with patches 9 to 11. In transect 2 there are clearly two groups, 16-18 and 19-20, where The Genetical Society of Great Britain, Heredity, 76, 111-117.
Discussion Comparison of isozymes and RFLPs
For all measures of genetic variation and genetic substructure RFLPs did not differ significantly from isozymes. It has been suggested (e.g. by Clegg, 1989) that RFLPs should reveal more alleles per locus and have a higher proportion of polymorphic loci than isozymes. This was found not to be the case in our sample of 31 RFLP and 30 isozyme loci. The same result was observed in Hordeum vulgare by Zhang et al. (1993) . Observed heterozygosity (H0) and genetic diversity (Ff) were not significantly different between isozymes and RFLPs for the seven polymorphic loci of each class. Zhang et a!. (1993) found that in H. vulgare RFLPs had significantly higher I-It but similar H0 to isozymes. More studies are clearly needed to establish whether this is a general phenomenon. There was no evidence that RFLPs were geographical distances between those patches and a matrix distinguishing distances between patches within a single transect from those between patches in different transects. The probability of obtaining the partial regression coefficients for the effects of geographical distance and transect membership were tested using a randomization process (Manly, 1991 more or less subject to selection than isozymes, although only three loci of each class were available for analysis.
Genetic structure of wild beet Figure 4 shows that the highest FST values were found between patches in different transects. A partial Mantel test indicated that this effect resulted from transect membership rather than geographical distance. The relative similarity within transects may be accounted for most easily if the two transects were founded independently by migrants with different genotype frequencies. This also suggests a reason for the pattern of FST values within transects shown in Fig. 4 . Groups of patches with low FST (such as 3-8 in transect 1) may represent the descendants of a very limited subset of the original founders. Patches distant from this group, but with high relatedness to it, could also have arisen from these plants by long-distance seed transport. The occurrence of neighbouring groups between which FST is relatively high may result from extinction and subsequent (re)colonization by unrelated migrants.
Taken together the high FST value between transects (independent of distance) and the patchiness within transects provide powerful evidence that the genetic structure of beet at this scale is predominantly determined by founder effects rather than limited gene flow resulting from isolation by distance.
The between and within transect results suggest a metapopulation structure for driftline beet populations with continuous extinction and recolonization of patches by a small number of founders (the 'blinking lights' model of Levins, 1970) . Extinction of beet patches may be a regular event on Furzey because of cliff falls and storms. The pattern of variation suggests that recolonization occurs from small numbers of individuals and work on the seedling demography of beet in Poole Harbour will attempt to confirm this.
Long-distance seed dispersal, coupled with founder effects mean that if transgenes were transferred to wild beet, the frequency of the transgene would not necessarily decline as a function of distance from the release site. Local populations with a high transgene frequency could be established some distance away and be separated from the The Genetical Society of Great Britain, Heredity, 76, 111-117. Therefore, if it is thought necessary to monitor transgene spread into wild beet, sampling should be extensive rather than intensively concentrated around the release site.
